HIV-1 downregulates human leukocyte antigen A (HLA-A) and HLA-B from the surface of infected cells primarily to evade CD8 T cell recognition. HLA-C was thought to remain on the cell surface and bind inhibitory killer immunoglobulin-like receptors, preventing natural killer (NK) cell-mediated suppression. However, a recent study found HIV-1 primary viruses have the capacity to downregulate HLA-C. The goal of this study was to assess the heterogeneity of HLA-A, HLA-B, and HLA-C downregulation among full-length primary viruses from six chronically infected and six newly infected individuals from transmission pairs and to determine whether transmitted/founder variants exhibit common HLA class I downregulation characteristics. We measured HLA-A, HLA-B, HLA-C, and total HLA class I downregulation by flow cytometry of primary CD4 T cells infected with 40 infectious molecular clones. Primary viruses mediated a range of HLA class I downregulation capacities (1.3-to 6.1-fold) which could differ significantly between transmission pairs. Downregulation of HLA-C surface expression on infected cells correlated with susceptibility to in vitro NK cell suppression of virus release. Despite this, transmitted/founder variants did not share a downregulation signature and instead were more similar to the quasispecies of matched donor partners. These data indicate that a range of viral abilities to downregulate HLA-A, HLA-B, and HLA-C exist within and between individuals that can have functional consequences on immune recognition. IMPORTANCE Subtype C HIV-1 is the predominant subtype involved in heterosexual transmission in sub-Saharan Africa. Authentic subtype C viruses that contain natural sequence variations throughout the genome often are not used in experimental systems due to technical constraints and sample availability. In this study, authentic full-length subtype C viruses, including transmitted/founder viruses, were examined for the ability to disrupt surface expression of HLA class I molecules, which are central to both adaptive and innate immune responses to viral infections. We found that the HLA class I downregulation capacity of primary viruses varied, and HLA-C downregulation capacity impacted viral suppression by natural killer cells. Transmitted viruses were not distinct in the capacity for HLA class I downregulation or natural killer cell evasion. These results enrich our understanding of the phenotypic variation existing among natural HIV-1 viruses and how that might impact the ability of the immune system to recognize infected cells in acute and chronic infection.
sequence from six subtype C-infected transmission pairs; however, virus-mediated HLA class I downregulation was not examined in that study (35) .
Prior studies have not observed differences in HLA class I downregulation by subtype C viruses from acute and chronic infection (9, 39, 40) . However, viruses derived from heterosexual transmission pairs with the source quasispecies as a comparison were not available. Moreover, the three major HLA class I molecules, HLA-A, HLA-B, and HLA-C, were not addressed together in primary cells. Most prior studies characterized HLA class I downregulation in cell lines with Nef expression vectors and chimeric viruses, which may alter physiologic expression levels, or exclude the effect of coevolved Vpu proteins and other areas of the genome, influencing protein expression generally (39, (41) (42) (43) (44) (45) (46) (47) . Additionally, the extent to which there is within-host functional diversity of HLA class I downregulation, which may reflect selection by the cellular immune system, remains to be established (10, 42, 47, 48) .
In the study described here, we examined HLA-A, HLA-B, and HLA-C downregulation using 53 HIV-1 variants: 40 infectious molecular clones previously constructed from plasma virus sequences from 12 individuals in six subtype C heterosexual transmission pairs, 12 subtype C Gag-MJ4 chimeras varying in replicative capacities (RC), and a standard laboratory subtype B strain, NL4-3 (35, 49, 50) . We also investigated the relationship between HLA expression and the ability to evade NK cell suppression in vitro. We found a range of HLA class I downregulation capacities (1.3-to 6.1-fold) of viruses from within and between individuals. The ability to downregulate HLA class I molecules, including HLA-C, was similar between source quasispecies and transmitted/ founder viruses. Although replicative capacity influenced evasion of NK-mediated suppression, HLA-C downregulation was significantly associated with the susceptibility of variants to NK cell suppression. These data could be important to consider in cure and vaccine strategies aiming to induce CD8 and NK cell responses.
RESULTS
Variation of Nef and Vpu proteins of subtype C viruses from transmission pairs. We previously sequenced and cloned 40 full-length infectious molecular clones from six subtype C transmission pairs from the Zambia-Emory HIV Research Project (35, 51) . To display the diversity of Nef and Vpu proteins in these viruses, we constructed phylogenetic trees of Nef and Vpu amino acid sequences, along with the laboratory strains NL4-3 and MJ4 ( Fig. 1A and B ). Viruses from within donor partners harbored a mean of 10 amino acid differences in Nef (range, 0 to 35), whereas viruses from different donor partners had a mean of 37 Nef amino acid differences (range, 21 to 59). Pair 4248 had two distinct Nef branches due to deletions and insertions in the N-terminal anchor domain (for amino acid alignments of Nef and Vpu sequences, see Data Set S1 in the supplemental material). For Vpu, a mean of 5 amino acid differences was observed in viruses from within an infected individual (range, 0 to 17), while between individuals a mean difference of 19 amino acids was observed (range, 10 to 26). Nontransmitted (NT) variants differed to various degrees from their cognate transmitted/founder virus in each pair in their Nef and Vpu amino acid sequences ( Fig. 1C and D) . The amino acid diversity found throughout Nef and Vpu between related and unrelated subtype C primary variants highlighted the potential for heterogeneity of HLA class I downregulation activities within a host quasispecies, between hosts infected with viruses of the same subtype, and across the transmission bottleneck.
HLA class I downregulation of subtype C variants from transmission pairs and laboratory strains. The extent to which authentic primary subtype C viruses differ in the capacity to downregulate HLA-A, HLA-B, and HLA-C in primary cells, including those from transmission pairs, is unclear. To measure HLA-A, -B, and -C downregulation simultaneously on primary cells by flow cytometry, we used commercially available serotype-specific antibodies for cells coexpressing HLA-A2 and HLA-B7, added an HLA-C-specific antibody (DT9) to measure HLA-C expression, and included a pan-HLA class I antibody (W6/32) to measure total class I expression. For the majority of the in vitro experiments described here, we utilized leukapheresed cells from an individual expressing both HLA-A2 and HLA-B7 alleles (HLA typing of HIV-negative individual number 3 confirmed the presence of both alleles; Data Set S2). Primary cells were infected in vitro and stained at day seven, which enabled collection of data for both low-and high-replicative-capacity variants. Gag ϩ CD4 Ϫ T cells were gated and compared to Gag Ϫ CD4 ϩ T cells, since HLA class I downregulation could be robustly detected when CD4 was maximally downregulated and Gag expression was peaking ( Fig. 2A ), as has been described elsewhere (52) . Consistent with this, Gag low CD4 ϩ cells FIG 1 Diversity of Nef and Vpu in characterized viruses. Viral variants from donors of transmission pairs are labeled as pair ID followed by variant number, while recipient transmitted/founder viruses are labeled TF. Each pair is set off by color. The laboratory strains are in gray, while the subtype C LANL consensus is labeled C. BioNJ tree of phylogenetic relationships of Nef (A) and Vpu (B) amino acid (aa) sequences of transmitted/founder and nontransmitted donor variants (NT), along with one subtype C (MJ4) and one subtype B (NL4-3) laboratory strain. The LANL subtype C consensus is included for reference. Number of amino acid differences from the transmitted/founder for each NT donor variant from each transmission pair for Nef (C) and Vpu (D). overlapped in expression of HLA class I with Gag Ϫ CD4 ϩ cells and thus were not shown as a separate population. The median fluorescent intensity (MFI) and percent HLAnegative cells correlated (P Ͻ 0.0001) for HLA-A (r ϭ 0.78), HLA-B (r ϭ 0.93), HLA-C (r ϭ 0.91), and total HLA-I (r ϭ 0.92); thus, MFI was used to measure downregulation in subsequent analyses.
The extent of downregulation of HLA-A, HLA-B, HLA-C, and total HLA-I on infected cells is illustrated in Fig. 2B , where representative histogram plots from four variants display a range of viral phenotypes (Fig. 2B ). The subtype B laboratory strain NL4-3 did not measurably downregulate HLA-C, as described previously (9) , while the transmitted/founder from pair 3618 displayed the highest level of HLA-C downregulation of the variants tested ( Fig. 2B ). Variant 4248 TF 16 showed relatively low levels of HLA-C downregulation yet robust HLA-A and -B downregulation, consistent with discrete functions of Nef and Vpu (Fig. 2B ).
The mean fold downregulation from multiple replicates and experiments is shown in a heat map in Fig. 2C for HLA-A, HLA-B, HLA-C, and total HLA-I ( Fig. 2C ). HLA-A2 was downregulated by the largest fold change in expression on infected cells by MFI compared to that on CD4 ϩ Gag Ϫ T cells, with a range of 1.7 to 6.1 (median, 3.2) ( Fig.  3A) . HLA-C had a more limited range of downregulation by fold change (range, 1.3 to 3.1; median, 1.9), potentially due to the lower level of expression of HLA-C on uninfected primary cells ( Fig. 2B and 3A) (6) . Downregulation of HLA-B7, which ranged from 1.3-to 5.1-fold (median, 2.3), was highly correlated with that of HLA-A2 (r ϭ 0.92, P Ͻ 0.0001) ( Fig. 3A and B ). In contrast, there was no correlation between HLA-A2 and HLA-C downregulation (P ϭ 0.61) ( Fig. 3B ), consistent with these molecules being downregulated by different viral gene products. Peripheral blood mononuclear cells (PBMC) from a different uninfected HLA-A2 ϩ /HLA-B7 Ϫ individual (sequence confirmed in Data Set S2) yielded similar results for the six transmitted/founder variants analyzed (Fig. 3C ). The slight increase in fold downregulation for the PBMC of individual 3 versus 4 could be because individual 3 is homozygous at HLA-A (Data Set S2). Transmitted/ founder variants generally, but not universally, exhibited lower downregulation for HLA-A (P ϭ 0.34) and HLA-B (P ϭ 0.15), and the difference was not significant (Fig. 4A ). Significant differences between quasispecies from different infected individuals were observed for HLA-A (P ϭ 0.0003), HLA-B (P Ͻ 0.0001), and HLA-C (P ϭ 0.007) downregulation ( Fig. 4A ), demonstrating divergence of HLA downregulation capacity between quasispecies. NL4-3 and MJ4 exhibited low levels of HLA-I downregulation ( Fig. 4A ).
Since viruses from different infected individuals often displayed similar downregulation capacities and related variants appeared by visual inspection of the heat map to have similar phenotypes ( Fig. 2C ), we performed hierarchical clustering to determine phenotypic linkages between variants using only their HLA functional footprint ( Fig.  4B ). Although transmitted/founder variants did not cluster or have a common signature, related variants often, but not always, grouped together. For instance, 4248 TF 10 and 14, which appear on the same cluster by their Nef and Vpu sequences on the phylogenetic tree ( Fig. 1A and B ), also clustered by their HLA class I downregulation phenotypic signatures ( Fig. 4B ). Likewise, pair 331 TF 6 and 14 have the most similar Nef and Vpu sequences from that transmission pair and are clustered by their HLA phenotype despite having an almost 20-fold range of infectivities (331 TF, 3.5 ϫ 10 Ϫ3 ; 331 TF 6, 4.3 ϫ 10 Ϫ4 ; 331 TF 14, 2.5 ϫ 10 Ϫ3 ) and a more than 10-fold range of replicative capacities (331 TF, 1.12; 331 TF 6, 0.15; 331 TF 14, 1.58), which were previously determined for these viruses (35) . Moreover, the laboratory strains NL4-3 and MJ4 clustered together with a pattern of low downregulation despite their differences in sequence, subtype, and coreceptor usage, which might reflect laboratory adaptation. Both convergence and divergence of phenotypes between quasispecies is evident from the interspersion of some variants throughout the clusters, as was the case for 331 TF 11, for instance, which clustered next to 3618 TF 15 (Fig. 4B ). In 2/6 cases, groups of viruses from the same quasispecies were in two distant clusters (331 and 3618) ( Fig. 4B ). However, in 4/6 cases, Ͼ75% of variants from a given quasispecies fell into just one of four major clusters, demonstrating the general relationship between genetic and phenotypic characteristics as they relate to HLA class I downregulation ( Fig. 4B ).
Genotypic correlates of HLA class I downregulation. To identify amino acid positions potentially contributing to differential HLA class I downregulation, the highest-and lowest-performing terciles in HLA-A, HLA-B, HLA-C, and total HLA class I downregulation were compared for amino acid signatures by Sequence Harmony analysis (53) . Significant positions, identified as described in Materials and Methods, were found throughout Nef (Table 1) , although none were identified for HLA-Cassociated Vpu sites. A number of amino acids identified here were previously reported to be involved in HLA class I downregulation, including Nef positions 84 (10), 99 (41), 106 (39), 134 (39), 136 (10), and 203 (7, 10, 41) . Sites matching the consensus sequence were not always associated with an increased capacity to downregulate HLA class I when grouped by HLA-A or HLA-B downregulation ( Fig. 5 ). Furthermore, in contrast to the impact on downregulation observed following early escape from CTL responses (42), HLA-I polymorphisms linked statistically to donor or recipient partner HLA haplotypes were not specifically associated with viruses with reduced Nef-mediated HLA class I downregulation capacity, and no correlation was observed between the distance to the subtype C consensus in Nef and HLA class I downregulation (data not shown). Natural killer cell suppression of subtype C variants and Gag-MJ4 chimeras in vitro. NK cells, as a component of innate immunity, act at the portals of entry and during the initial phases of viral dissemination. Whether the capacity of primary HIV-1 variants to downregulate HLA-C, which can act as an inhibitory ligand for NK cells, influences NK cell susceptibility in primary infected cells has not been demonstrated. We therefore examined the ability of different variants to evade NK cell suppression in vitro within and between quasispecies, as well as across transmission pairs.
To investigate the relationship between NK-mediated suppression of virus replication and HLA-C downregulation, we modified a previously published assay assessing NK-mediated viral suppression (54) by comparing viral strains rather than NK cell donors. The assay employs primary CD4 ϩ T cells infected in vitro to serve as targets, while autologous CD56 ϩ NK cells isolated in parallel serve as effectors. We examined a representative subset of 29 variants that included matched transmitted/founder and nontransmitted variants, as well as NL4-3, MJ4, and Gag-MJ4 chimeras, with a range of HLA downregulation phenotypes and replicative capacities.
A range of levels of NK cell-mediated suppression of primary virus replication was observed at 7 days postinfection using a multiplicity of infection equal to 1.0, with between 1.5 and 79% residual replication (median, 28%) ( Fig. 6A ) in the presence of NK cells, equivalent to an effector-to-target (E:T) ratio of 1:10. Laboratory strains NL4-3 and MJ4 were far less susceptible to NK suppression than primary viruses from different Table 1 . Green amino acids denote the subtype C consensus amino acid at that position, and gray numbers are Nef positions common to virus groupings by HLA-A and HLA-B. Position numbers are based on the alignment in Data Set S1 in the supplemental material. quasispecies (Fig. 6B ). Although there was overlap between viruses from different individuals, a significant difference was observed between pairs 331 and 4248 ( Fig. 6B) .
In primary viruses, the level of HLA-C downregulation significantly correlated with the level of NK suppression of virus release (P ϭ 0.001, r ϭ Ϫ0.58) (Fig. 7A ), and this association held when testing a different subset of variants in PBMC from a different uninfected person (P ϭ 0.059, r ϭ Ϫ0.57). In contrast, no association was observed with downregulation of HLA-A (P ϭ 0.78) ( Fig. 7B ), HLA-B (P ϭ 0.33) ( Fig. 7C ), or total HLA-I (P ϭ 0.56) ( Fig. 7D ). Therefore, transmitted/founder and nontransmitted variants, which varied in their ability to downregulate HLA-C, also varied in the susceptibility to NK cell suppression of virus release.
To determine the impact of replicative capacity on NK susceptibility while controlling for variation in HLA-C downregulation, we assessed selected Gag-MJ4 chimeric variants that contain identical Nef and Vpu proteins and exhibit different replicative capacities due to the presence of different Gag genes (49, 50) . Gag-MJ4 chimeras were relatively resistant to in vitro NK suppression ( Fig. 8A ). Susceptibility to NK suppression, as measured by residual replication in the presence of NK cells, correlated with replicative capacity (P ϭ 0.01, r ϭ 0.77) ( Fig. 8B ). Every 1 unit increase in the replicative capacity score for Gag-MJ4 chimeras (replicative capacity is on a log 10 scale) led to an 11% increase in residual replication in the presence of NK cells, indicating an impact of replicative capacity on in vitro NK susceptibility (Fig. 8B ). While the replicative capacity of primary variants, as measured previously with a low multiplicity of infection in a spreading assay, did not correlate with NK resistance (P ϭ 0.47) ( Fig. 8C) , this appeared to be driven primarily by transmission pair 4248, which has a very low RC. In contrast, the levels of virus replication in the absence of NK cells in these high-multiplicity-ofinfection experiments did correlate inversely with NK suppression (P ϭ 0.0004, r ϭ 0.62) ( Fig. 8D) . Thus, the impact of replication extends to primary viruses, although the greater variance observed in Fig. 8D may reflect differences in Vpu that are absent from the Gag-MJ4 chimeric viruses. Normalizing replicative capacity differences of the primary viruses by the measured amount determined from the Gag-MJ4 chimeras (11% increase in residual replication per log increase in RC) did not alter the correlation between HLA-C downregulation and NK suppression of virus release (P ϭ 0.002; r ϭ Ϫ0.56) (see Fig. S1 ).
DISCUSSION
HLA class I downregulation has not been previously investigated in primary cells with well-characterized full-length primary viruses derived from transmission pairs. Here, we investigated HLA class I downregulation in vitro with a previously described panel of 40 subtype C infectious molecular clones derived from near the time of heterosexual transmission. We also evaluated a panel of previously described Gag-MJ4 chimeras to assess the impact of replicative capacity and added the commonly used NL4-3 subtype B laboratory-adapted strain to compare our data to prior studies. We observed variation in HLA class I downregulation by HIV-1 both within and between individuals. HLA-C downregulation, mediated by Vpu, was in general less efficient than that for HLA-B, which was in turn less efficient than that for HLA-A, although perhaps not less impactful on immune recognition, since NK suppression correlated with the capacity to downregulate HLA-C. Despite the selection bias previously observed for consensus residues in the active site of Nef during transmission (38) , transmitted/ founder variants did not have a common HLA class I downregulation phenotypic signature; rather, they reflected the quasispecies from which they were derived. This is surprising, since even though transmission and establishment of infection may precede the adaptive immune response, one might have expected changes in HLA-I expression to modify susceptibility to the innate immune response.
Downregulation of HLA-A, HLA-B, and HLA-C was common among the primary variants evaluated in this study, and examining all three simultaneously allowed their relationships to be analyzed. Previous studies have observed a relatively tight correlation between HLA-A and HLA-B downregulation in CEM (41) and Jurkat cells (55) using expression vectors and chimeric viruses. We found very similar correlations (Fig. 3B ) using authentic viruses in primary cells, which partially validates the use of HLA-A2 expression as a surrogate for HLA-A and HLA-B downregulation for future studies, as was done in the past with cell lines and expression vectors (39, 41, 45, (56) (57) (58) (59) . Nonetheless, there were differences between HLA-A and HLA-B, as HLA-A2 was generally downregulated more than HLA-B7 (HLA-A/HLA-B ratio, 1.35) (Fig. 3A ). This ratio is remarkably similar to what was found previously with primary Nef sequences cloned into NL4-3 in 721.221 cells and HLA-A24 and HLA-B35 downregulation (ratio, ϳ1.3) (7). The data presented here do not take into account differences in downregulation that may exist between different HLA-A or HLA-B alleles but are consistent with the notion that HLA-B is more resistant to downregulation than HLA-A, perhaps underpinning the primary role of HLA-B in the control of HIV viremia (7, 60) . HLA class I downregulation previously has been measured with a pan-HLA-I antibody (3, 11, 40, 46, 52, (61) (62) (63) (64) (65) , although fewer studies used primary cells (6, 56, 66) . We found total HLA class I correlated with HLA-A2 expression, which is consistent both with a previous study using Jurkat cells (55) and with the fact that surface expression of HLA-A and HLA-B is significantly higher than that of HLA-C (6). Nonetheless, the pan-HLA class I antibody is useful in that it binds to the other HLA-A and HLA-B alleles besides HLA-A2 and HLA-B7. On the other hand, the results are confounded by the fact that they reflect the sum of HLA-A, HLA-B, and HLA-C downregulation, and the extent of HLA-A and HLA-B downregulation did not correlate with that of HLA-C.
A number of amino acid positions in Nef were significantly associated with HLA class I downregulation in our assays, and some of these were found in previous studies (7, 10, 39, 41) . However, Vpu sites associated with HLA-C downregulation were not identified by the same analysis. Using upper and lower quartiles instead of terciles gave only one significant Vpu position (position 13). Signatures associated with the pan-HLA class I data yielded three Vpu sites, two of which were toward the N terminus, similar to what was found in the initial study identifying Vpu-mediated HLA-C downregulation (9) . Indeed, most of the diversity in the Vpu sequences under study here is in the extracellular and helical transmembrane domain at the N terminus (see Data Set S1 in the supplemental material). Viruses from within pair 3618 that differed substantially in HLA-C downregulation differed most substantially at Vpu positions 2, 4, 18, and 79, although this was not significant. Mutagenesis studies of Nef and Vpu would be needed to validate sites not found in previous studies and specifically to elucidate the mechanism of the interaction of Vpu with HLA-C.
The capacity of primary viruses to downregulate HLA-C correlated directly with in vitro susceptibility to NK suppression, consistent with the very recent results of Körner et al. with the laboratory-adapted strain JRCSF (67) . In vitro experiments have shown that HLA-C, when left on the cell surface, can inhibit NK cell killing of HIV-infected cells by engaging inhibitory receptors (5) . However, given both the extensive diversity of the NK cell repertoire, which in a single individual includes as many as 30,000 populations of various activating and inhibitory receptor combinations (68) , and the fact that other HIV proteins, like Vpr, influence NK cell activation and infected cell killing (69, 70) , such a major contribution of a single, albeit crucial, NK ligand is not entirely predictable.
Why is HLA-C downregulation relatively common among primary HIV-1 variants if it leads to NK recognition? The balance between evading NK and CD8 T cells may drive this phenotype. A reasonable hypothesis is that HLA-C downregulation is selected against in acute infection to avoid NK cells and selected for during the adaptive immune response to avoid CD8 T cells, although this is not supported by the data presented here. Transmitted/founder variants were similar in the capacity to downregulate HLA-C (1.3-to 3.1-fold HLA-C downregulation) to the quasispecies from which they were derived and, perhaps as a consequence, were not uniquely resistant to NK suppression. Apps et al. (9) examined nine transmitted/founder variants from subtypes B, C, and D, three of which were subtype C variants, with a 1.4-to 2.5-fold range of HLA-C downregulation in primary cells, suggesting future studies including more transmitted/founder variants will not detect a distinct ability of transmitted/founder variants to downregulate HLA-C and subsequently evade in vitro NK cell suppression. Romani et al. found a similar range of HLA-C downregulation using subtype A Vpu sequences from four patients at various stages of infection (71) . If nonspecific NK cell evasion is not contributing to the HIV-1 transmission bottleneck, perhaps specific KIR HLA combinations of each transmission pair play a role, since HIV-1 mutations that lead to evasion of NK cells by peptide-HLA-C stabilization and subsequent binding of inhibitory NK cell ligands has been demonstrated (21, 72) . Such a mechanism would necessitate the transmission of preadapted viruses relevant to the recipient's HLA alleles, which is a phenomenon which has been demonstrated in a number of transmission pairs and is a major determinant of viral load and disease progression in recipients (73, 74) . However, the impact on NK cells and risk of infection remains unclear, and future studies would need to use in vitro systems that match the KIR and HLA genetics of each transmission pair from whom the viruses were derived.
HLA class I downregulation coincided with peak Gag expression and CD4 downregulation in vitro, while cells with intermediate Gag expression that were CD4 ϩ exhibited little to no HLA-I downregulation (Fig. 2C) . Although intermediate Gag expression may represent cells staining positive due to in vitro artifacts (75, 76) , this observation is consistent with the results from a study that utilized anti-Gag antibodies and RNA probes to monitor the timing of events that lead to the disruption of surface HLA class I (52) . Interestingly, a recent study of SIV MAC239 -infected cells ex vivo found little HLA class I downregulation at any stage of the virus life cycle defined by viral RNA transcripts in single cells, even though levels of other surface proteins were altered at different stages (13) . Nonetheless, the effect of timing of HLA downregulation indicates the potential to gauge the stage of viral protein expression by alteration of surface receptors, making virus-producing cells indirectly identifiable without cellular fixation and permeabilization (i.e., for live cell sorting, RNA studies, etc.). A study of the precise duration and timing of viral life cycle events coinciding with the alteration of cell surface molecules with primary viruses could benefit therapeutic cure strategies aiming to identify biomarkers associated with the transition from prebursting infected cells to virus-producing cells.
The capacity to downregulate HLA class I was not generally associated with transmission fitness in this study. With the exception of positions 105 and 106 identified in the Sequence Harmony analysis, consensus residues, which are selected for during transmission (35, 38) , were not necessarily associated with a particular level of HLA class I downregulation. Additionally, transmitted/founder viruses were not biased toward enhanced or reduced HLA class I (A, B, C, or total) downregulation. Nevertheless, common downregulation signatures often grouped related variants, including transmitted/founder viruses, consistent with the notion that transmitted/founder variants are more often phenotypically closer to their source quasispecies than other transmitted variants. Viral traits that impact disease progression, such as viral load, can be inherited across transmission (74, (77) (78) (79) (80) , in part due to viral replicative capacity (50) . Thus, the heritability of other traits is to be expected. Genetic selection of viruses observed during transmission points to a bias that likely has an associated though undefined phenotype (32, 35, 38, (81) (82) (83) . However, the magnitude of the predicted phenotypic bias is unclear and is likely to be modest and specific to the circumstances of each transmission event, given the number of factors that influence infection risk and the genetic bottleneck. These include viral load (84, 85) , HLA type (22, 23, 86) , circumcision status (84, 87, 88) , route and direction of transmission (30, 89) , presence of genital infections and inflammation (90) (91) (92) , and the composition of the microbiome (93) . For these reasons, the dimensions of the genetic bias may vary significantly depending on the circumstances (38) , and this appears to be reflected in the phenotypic data presented here and observed by others (34, 35, 40, 47, 94, 95) .
Overall, our results show that quasispecies within and between individuals in the same subtype display a range of HLA class I downregulation capacities that influence immune recognition and may be shifted during transmission to some extent based on the transmitted/founder variant that establishes the new infection, even though no generalizable HLA signature appears to be selected. These data from primary viruses with the full complement of autologous proteins may be important when therapeutic or prophylactic strategies aimed at manipulating CD8 and NK cell responses are being considered.
MATERIALS AND METHODS
Study subjects and samples. Infectious molecular clones of viruses from 12 subtype C-infected, therapy-naive individuals in six transmission pairs in this study were derived as previously described (35, 51) . These individuals come from a heterosexual discordant couple cohort from the Zambia-Emory HIV Research Project who signed informed consent forms agreeing to participate, as were the acutely infected individuals from whom the Gag-MJ4 chimeras were created (50) . The University of Zambia Research Ethics Committee and Emory University Institutional Review Board approved the human subject protocols for the couples in this cohort, who were provided monthly counseling and testing prior to the HIV-negative partner becoming positive. All human sample identifier (ID) numbers were anonymized. Epidemiological linkage was determined by HIV-1 gp41 sequences derived from the couple (96), and newly infected recipients were enrolled in the International AIDS Vaccine Initiative (IAVI) Protocol C early infection cohort. Peripheral blood mononuclear cells from a limited number of healthy HIV-negative donors were obtained by leukapheresis by the Emory Center for AIDS Research Clinical Core in collaboration with the Emory Transplant Center by following Emory IRB protocol 45821, "Phlebotomy of healthy donors."
Phylogenetic tree and sequence alignment. BioNJ phylogenetic trees from Nef and Vpu amino acid alignments were made using Geneious bioinformatics software (Biomatters, Aukland, New Zealand), ProtTest software (97), and DIVEIN software (98) . Full-length Nef and Vpu amino acid sequences were aligned by a MAFTT alignment with Geneious software and then further hand aligned. ProtTest software then was used to derive the best substitution model. The HIVb substitution model was used with 100 bootstraps and the best of NNI and SPR trees for improvements with optimized equilibrium frequencies, an estimated proportion of invariable sites, an estimated gamma distribution, and four substitution rate categories. The trees shown are rooted on the subtype B NL4-3 sequence as an outgroup, and the subtype C consensuses for Nef and Vpu were derived from the Los Alamos National Database (LANL; https://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html). Comparisons in the text to the distance to the full-length subtype C consensus are based on calculations made with 115 full-length concatenated amino acid sequences from these six transmission pairs determined in a prior publication (35) . GenBank accession numbers, though previously generated, were not sequential and thus are included in Table S1 in the supplemental material for clarity.
Generation of infectious molecular clones and Gag-MJ4 chimeras. Subtype C HIV-1 infectious molecular clones (51, 99) and Gag-MJ4 chimeras were described in previous studies (35, 49, 50) . Briefly, 40 infectious molecular clones from 12 individuals in 6 transmission pairs from the Zambian cohort were derived from near-full-length single-genome amplifications (SGA) of autologous HIV RNA sequences of infected individuals 22 to 45 days away from the estimated date of transmission (35) . Gag-MJ4 chimeras were constructed from patient-derived gag sequences (and 142 nucleotides into pol) of subtype C acutely infected individuals in the Zambian cohort 33 to 49 days away from the estimated date of transmission and cloned into an MJ4 provirus backbone (49, 50, 99) , which is a subtype C R5-tropic laboratory strain (100) . NL4-3 is a subtype B laboratory strain that is X4 tropic (101) . All replication-competent viruses were created by plasmid transfection of 293T cells (American Type Culture Collection). Titers were generated on the TZM-bl indicator cell line (NIH AIDS Research and Reference Reagent Program) to normalize input virus for primary cell infections at a constant multiplicity of infection.
Infections of primary cells in vitro.
Frozen peripheral blood mononuclear cells (PBMC), obtained through Emory IRB protocol 45821 as described above, were thawed in a 37°C water bath and then washed twice in R10 (RPMI 1640 medium supplemented with 1 U/ml penicillin, 10% defined fetal bovine serum [FBS], 1 g/ml streptomycin, and 300 g/ml L-glutamine) containing DNase with 1,500-rpm spins for 7 min each. Total PBMC or isolated CD4 ϩ cells (by following the protocol of the EasySep human CD4 ϩ T cell isolation kit; catalog no. 19052) then were stimulated with 2 to 3 g/ml of phytohemagglutinin (PHA) and 20 U/ml of interleukin-2 (IL-2; reconstituted in phosphate-buffered saline; I7908-10KU; Sigma) in R10 for 48 to 72 h at 2 to 3 million cells per ml in a flask in an incubator at 37°C with 5% CO 2 and 95% humidity. Cells then were infected either in 15-ml conical tubes or in 96-well plates at 7 ϫ 10 5 to 1 ϫ 10 6 cells per well at a multiplicity of infection of 0.1 to 0.01 by TZM-bl titer from blue cell counts in 250 l to 300 l per well. Virus levels in the supernatants were assessed by a radioactive reverse transcriptase (RT) assay described previously and in more detail elsewhere (35, 99) , using P 33 that detects digital light units (DLU) from a phosphoscreen; thus, RT DLU is reverse transcriptase digital light units. The area under the curve was calculated from mock-subtracted RT DLU values using Prism with a baseline and minimum peak height of zero.
Flow cytometry for HLA downregulation. Flow cytometry was performed on a BD Fortessa in the Emory Center for AIDS Research Immunology Core. HLA-A2 ϩ /HLA-B7 ϩ double-positive primary cells were identified as explained in the text after screening a number of PBMC donors with anti-HLA-A2-Alexa 700 (clone BB7.2; 343317; BioLegend) and anti-HLA-B7-fluorescein isothiocyanate (FITC) (clone BB7.1; MA1-82180; Thermo Scientific) antibodies. One double-positive (HLA-A2 ϩ /HLA-B7 ϩ ), HIV-negative individual was identified, and leukapheresis provided enough cells to perform multiple replicates and experiments. Infections were done as described above and stained at 7 days postinfection in vitro, which was previously shown to be near the peak of infection for most variants tested here (35) . Multiple infection replicates (2 to 4) were pooled for flow cytometry using the following antibodies in multiple experiments: Aqua Live Dead (amine-reactive dye), anti-CD3-allophycocyanin (APC)-Cy7 (SP34.2), anti-CD4-BV711 (OKT4), anti-CD8-QD605 (RPA-T8), anti-HLA-A2-Alexa 700 (BB7.2), anti-HLA-B7-FITC (BB7.1), anti-HLA-C-APC (DT9; conjugated after buffer exchange; Abcam), anti-HLA-ABCphycoerythrin (PE)-Cy7 (W6/32), and anti-p24Gag-PE (KC57). A median of 2,070 cells (range, 50 to 12,339; NT variant 4473 TF 17 had one replicate pass at 50 infected cells) were analyzed from 2 to 5 independent experiments, with a median of 3.6% infected cells (range, 0.041 to 17%) of live CD3 ϩ CD8 Ϫ cells. Standard errors calculated from replicates of each variant and averaged for each HLA marker are the following: HLA-A, 0.42; HLA-B, 0.49; HLA-C, 0.16; and total HLA-I, 0.37. Standard deviations calculated the same way are the following: HLA-A, 0.63; HLA-B, 0.75; HLA-C, 0.25; and total HLA-I, 0.56. HLA downregulation was defined as the expression of the HLA marker on singlet ϩ lymphocyte ϩ Aqua Ϫ CD3 ϩ CD8 Ϫ CD4 ϩ Gag Ϫ cells divided by that of singlet ϩ lymphocyte ϩ Aqua Ϫ CD3 ϩ CD8 Ϫ CD4 Ϫ Gag ϩ cells. Thus, the difference is a fold change in MFI of a population of cells. No significant differences were observed in CD4 downregulation efficiency.
Genotypic associations with HLA downregulation. Alignments of amino acid sequences in FASTA format were exported from Geneious software for Sequence Harmony analysis (http://www.ibi.vu.nl/ programs/shmrwww/) in order to identify amino acid residues that correlated strongly with class I downregulation. The Nef sequences of viruses within the lowest and highest terciles of HLA-A and HLA-B downregulation were compared, and Vpu sequences were compared similarly for HLA-C downregulation. Concatenated Nef and Vpu sequences were compared for pan-HLA-I downregulation. Sequence Harmony looks for amino acid residues that segregate one group (tercile) from the other, and scores range from 0 to 1, where 1 represents no segregation between two sets of sequences and 0 represents complete segregation of sequences. Z scores represent standard deviations from the mean Sequence Harmony score calculated from 100 random permutations of all sequences; thus, Z scores with the highest negative standard deviation represent the residues most segregated. A Z score of Ϫ3 indicates the Sequence Harmony score is three standard deviations below the mean score of 100 permutations. For example, positions where all of the amino acids in one tercile are K and in the other tercile are R will have a Sequence Harmony score of 0 and a very large negative Z score, with the absolute value of the latter depending on the variability and number of sequences analyzed. Significant values with a cutoff of Ϫ3 are included in Table 1 . Weblogos then were created based on the Sequence Harmony results (http://weblogo.threeplusone.com/create.cgi).
For the estimation of viral adaptation to HLA (data not shown), TF were compared to the median of the variants from donor quasispecies and were compared by a paired Wilcoxon test. The estimation of viral adaptation to an HLA haplotype was performed as previously described (73) .
Briefly, the degree of adaptation of each viral sequence to the HLA haplotype of the recipient within each transmission pair was defined as the proportion of positions in Gag, Pol, and Nef that could be targeted by each individual according to their HLA alleles that harbor an adapted residue (either nonconsensus or consensus).
NK suppression of replication in vitro. NK suppression was measured as previously described in He et al., with minor modifications (54) . Briefly, isolated CD4 T cells (EasySep Human CD4 ϩ T cell isolation kit) and NK cells (EasySep human NK T cell isolation kit; catalog no. 17955) from the same HIV-negative peripheral blood mononuclear cells were cultured overnight, and CD4 T cells were stimulated with 2 g/ml PHA and IL-2 (100 U/ml), while NK cells cultured separately were given IL-15 (2 ng/ml reconstituted in phosphate-buffered saline; 247-ILB-005; R&D Systems). Before mixing NK cells (effectors) and CD4 T cells (targets) at various E:T ratios (1:1 to 1:10), 60,000 CD4 T cells were infected at a multiplicity of infection of 0.1 with a spinoculation, or of 1 without spinoculation, in 15-ml conical tubes and then washed with 14 ml RPMI medium and subsequently cultured in V-bottom 96-well plates in 200 l overnight. The following day, the cells were spun at 2,000 rpm for 5 min, washed twice, and transferred to a round-bottom plate for the addition of NK cells in triplicate in 300 l total with 50 U/ml IL-2. Supernatants were sampled at days 3, 7, and 11 or just day 7 depending on the experiment. Values reported are from day 7 postinfection and were found to correlate with area under the curve of days 3 to 11 for those where multiple time points were taken. Values shown in the figures have had outliers removed using Prism 7.0 statistical software with the ROUT method and a Q equal to 1% and are median normalized and averaged over 6 replicates to an E:T ratio of 1:10 for consistency. A radioactive reverse transcriptase assay was performed on supernatants to measure the level of virus, and results are reported as DLU, as described previously (35, 99) .
HLA and KIR typing. A detailed description of the HLA and KIR typing can be found in Tang et al. (102) and Merino et al. (28) , with the exception that the HLA typing was done using sequencing-based typing without sequence-specific primers and intermediate steps.
Statistics. Statistics were done using Prism 7 software and JMP Pro 13.0. Nonparametric Spearman correlations are shown in the text and figures as r values. The Wilcoxon matched-pairs signed-rank test was used to compare transmitted/founder variants and matched donor quasispecies medians. Analysis of variance (ANOVA) was used where shown. Linear regressions were performed to compare to historical data and are shown in the text as r 2 values. Sequence Harmony analysis was performed to compare amino acids associated with high-and low-level HLA class I downregulation.
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